The role continuous contact with self-peptide/MHC molecules (self ligands) in the periphery plays in the function of mature T cells remains unclear. Here, we elucidate a role for MHC class II molecules in T cell trafficking and antigen responsiveness in vivo. We find that naïve CD4 T cells deprived of MHC class II molecules demonstrate a progressive and profound defect in motility (measured by real-time two-photon imaging) and that these cells have a decreased ability to interact with limiting numbers of cognate antigen-bearing dendritic cells, but they do not demonstrate a defect in their responsiveness to direct stimulation with anti-CD3 monoclonal antibody. Using GST fusion proteins, we show that MHC class II availability promotes basal activation of Rap1 and Rac1 but does not alter the basal activity of Ras. We propose that tonic T cell receptor signaling from self-ligand stimulation is required to maintain a basal state of activation of small guanosine triphosphatases critical for normal T cell motility and that T cell motility is critical for the antigen receptivity of naïve CD4 T cells. These studies suggest a role for continuous self-ligand stimulation in the periphery for the maintenance and function of mature naïve CD4 T cells.
The role continuous contact with self-peptide/MHC molecules (self ligands) in the periphery plays in the function of mature T cells remains unclear. Here, we elucidate a role for MHC class II molecules in T cell trafficking and antigen responsiveness in vivo. We find that naïve CD4 T cells deprived of MHC class II molecules demonstrate a progressive and profound defect in motility (measured by real-time two-photon imaging) and that these cells have a decreased ability to interact with limiting numbers of cognate antigen-bearing dendritic cells, but they do not demonstrate a defect in their responsiveness to direct stimulation with anti-CD3 monoclonal antibody. Using GST fusion proteins, we show that MHC class II availability promotes basal activation of Rap1 and Rac1 but does not alter the basal activity of Ras. We propose that tonic T cell receptor signaling from self-ligand stimulation is required to maintain a basal state of activation of small guanosine triphosphatases critical for normal T cell motility and that T cell motility is critical for the antigen receptivity of naïve CD4 T cells. These studies suggest a role for continuous self-ligand stimulation in the periphery for the maintenance and function of mature naïve CD4 T cells.
GTPases ͉ MHC class II deficiency ͉ self ligand T cells developing in the thymus depend on signals from self-peptide/MHC molecules (self ligands) for lineage commitment and T cell receptor (TCR) repertoire selection. Positively selected thymocytes are able to migrate out of the thymus whereas unselected ones remain (1) . In the periphery, naïve T cells are in constant motion, making incessant, short-lived contact with self-ligand-bearing dendritic cells (DCs) residing in secondary lymphoid tissues. The movement of T cells within secondary lymphoid tissue facilitates scanning for limiting numbers of DCs bearing antigen allowing T cells to reach the critical threshold for optimal TCR signaling (2) . Lymphocyte movement is a complex process composed of interactions and changes between the cytoskeleton, adhesion molecules, and motor proteins within the cell compartment, and is regulated by a number of small guanosine triphosphatases (GTPases) (3, 4) . These small GTPases transmit extracellular signals to downstream effectors within the cell. The role self ligands play in mediating such signals is unknown.
In recent years it has been increasingly recognized that self-ligand signals play critical roles in the biology of mature T cells in the periphery, although these roles are still being defined. Mounting evidence suggests that this self-recognition is an active process that occurs continuously in noninflammatory conditions and in the absence of cognate antigen (5-7). In addition, nonagonist peptide/MHC molecules have been shown to accumulate in the immunological synapse and contribute to TCR signaling (8) . Signals from self ligands are important for the overall ''well-being'' of mature T cells and maintain clonal heterogeneity (9) by conferring the ability to survive and proliferate during periods of lymphopenia (10, 11) .
Two seemingly conflicting views have recently emerged to define the role of peripheral contact with self ligands on the function of CD4 T cells. One view is that continuous self-ligand stimulation contributes to self-tolerance, whereas the opposing view is that self-ligand stimulation enhances immunity. Loss of contact with MHC molecules for weeks results in downmodulation of CD5 expression (a negative regulator of T cell reactivity) (12, 13) and in hyperresponsiveness to TCR stimulation (12, 14) . These observations are consistent with the idea that continuous self-ligand stimulation raises the threshold for TCR responsiveness, thereby avoiding the emergence of autoreactivity (15) (16) (17) . More recently, Germain and colleagues (18) have suggested that self ligands regulate the recruitment of the tyrosine phosphatase SHP-1, thereby regulating TCR reactivity. The opposing view is that continuous stimulation from self ligands expressed by antigen-presenting cells (APCs) is an important tonic signal for naïve T cells, lowering the threshold for T cell activation and keeping the T cells in a state of readiness to respond to foreign antigens (19) (20) (21) (22) .
Thus, whether repeated encounter with self ligands enhances or diminishes T cell reactivity to foreign peptide/MHC ligands remains unclear. In this study we report a perspective on how self-ligand interactions promote antigen reactivity. We found that CD4 T cells deprived of contact with self-MHC class II molecules displayed an impaired motility within lymph nodes that resulted in decreased ability to interact with limiting numbers of cognate antigen-bearing DCs and blunted proliferation. We propose that tonic TCR signaling from continuous selfligand stimulation is required to maintain T cell motility and that normal T cell motility is critical for antigen receptivity of naïve CD4 T cells.
Results

OT-II TCR transgenic CD4 T cells (OT-II cells)
were highly purified from OT-II B6.PL RAGϪ/Ϫ mice by using negative selection with magnetic microbeads to eliminate I-A b -, CD11b-, and CD16-positive cells before adoptive transfer. Self-ligand deprivation was achieved by transferring OT-II cells into MHC class II-deficient recipients. To control for potential homeostatic proliferation due to the CD4 lymphopenia found in MHC class IIdeficient mice, we transferred OT-II cells into CD4-deficient (MHC class II-sufficient) mice. As an additional control, OT-II cells were transferred into wild-type C57BL/6 (B6) mice. In some experiments, the OT-II cells were labeled before transfer with a fluorescent dye, 5(6)-carboxyfluorescein diacetate N-succinimidyl ester (CFSE), to track cell division and/or visualize the cells by immunofluorescence microscopy. Antigen could not be administered alone in this model because the endogenous DCs in the MHC class II-deficient mice are unable to provide the essential peptide/MHC class II complex to the OT-II cells. We therefore used a system of immunizing with peptide/MHC class II-bearing DCs (23) by purifying DCs from Act-mOVA transgenic mice (24) . These mice ubiquitously express a membrane-bound (nonsecreted) form of chicken ovalbumin (mOVA) under the ␤-actin promoter and OT-II cells proliferate when cultured with irradiated splenocytes or purified DCs obtained from these Act-mOVA mice (E.I., unpublished data). Exogenously administered Act-mOVA DCs were used to determine whether the OT-II cells were responsive to stimulation [supporting information (SI) Fig. 5 ].
Prolonged MHC Class II Deprivation Leads to a Progressive Defect in the Ability of Naïve Antigen-Specific CD4 T Cells to Become Activated and Proliferate in Response to Cognate Antigen-Bearing DCs. As in other studies using TCR transgenic or polyclonal T cells (12, 13) , we noted progressively lower levels of CD5 expression on OT-II cells with longer periods of residence in MHC class II-deficient recipients (SI Fig. 6 ). In vivo responsiveness of MHC class II-deprived CD4 T cells was tested by analyzing cell division and expression of CD69 in response to highly purified Act-mOVA or wild-type DCs. Because CD5 is a negative regulator of TCRmediated signaling (25) (26) (27) (28) , we anticipated that this change would result in hyperresponsiveness to antigenic stimulation. In contrast, we found that the ability of OT-II cells to proliferate in response to Act-mOVA-expressing DCs injected on the same day as the OT-II cells was lower in MHC class II-deficient compared with MHC class II-sufficient recipients. This defect became more pronounced when the OT-II cells were deprived of MHC class II contact for 24 h, and was most profound with additional days of deprivation (Fig. 1A) . A similar progressive defect was noted in the expression of CD69 (Fig. 1B) . Importantly, after 1-2 days of deprivation, despite the defect in proliferation, 70% of the OT-II cells expressed CD69 and, thus, had contacted MHC class II-expressing DCs. CD69 expression dropped to 28% with 7 days of deprivation, but very little cell division was noted at that time. These results were not confounded by homeostatic proliferation, because there was no CFSE dilution of OT-II cells in recipients in the absence of DC injection within 8 days (data not shown). To test whether the defect in antigen responsiveness results from loss of specific or general interactions with MHC class II, we transferred CFSElabeled purified OT-II cells into single peptide (YAe) mice. These mice carry a transgene encoding MHC class II I-A b molecules occupied by a single antigenic peptide (E␣52-68) covalently linked to the ␤ chain (29) . Proliferation in response to antigen-bearing DCs was significantly reduced in these recipients (SI Fig. 7 ), indicating that peptides are, at least in part, responsible for the observed functional defect.
The progressive phenomenon discussed above suggests that the proliferation defect is acquired. However, it is possible that the defect in proliferation could be explained by lack of indirect antigen presentation or impaired T cell survival in MHCdeficient hosts. To test whether ''cross-presentation'' played a significant role in the proliferation of CFSE-labeled OT-II cells in CD4-deficient or wild-type mice, we eliminated the ability of the injected DCs to directly present to CFSE-labeled transferred OT-II cells. We found that MHC class II-deficient Act-mOVA DCs induced little proliferation of OT-II cells in MHC class II-sufficient hosts (SI Fig. 8 ). Thus, the direct pathway of antigen presentation is dominant within the time course of these experiments. Other studies (23) using injected DCs as APCs have also found the direct pathway of antigen presentation to be dominant.
To test whether CD4 T cells deprived of MHC class II are viable, we determined the numbers of OT-II cells after adoptive transfer into MHC class II-sufficient or deficient hosts by flow cytometry (SI Fig. 9A ) or confocal immunofluorescence micros- copy (SI Fig. 9B ). MHC class II-deprived T cells versus nondeprived T cells did not die at a faster rate. We next documented that OT-II cells stimulated with anti-CD3 mAb showed little or no difference in proliferative capacity between the MHC class II-sufficient and -deficient environments (SI Fig. 9C ). In addition, T cell proliferation was dose-dependent in both recipient groups. These results demonstrate that MHC class II deprivation neither impaired T cell survival nor prevented TCR signaling. Thus, we considered the alternative possibility that the T cells are defective in encountering antigen-bearing DCs.
MHC Class II Deprivation Leads to a Progressive Defect in the Ability of Naïve CD4 T Cells to Physically Interact with Antigen-Bearing DCs.
Although OT-II cells transferred into MHC class II-deficient recipients were present within the T cell regions of secondary lymphoid tissue, were viable, and were capable of signaling through TCR with anti-CD3 mAb, they were not activated by antigen-bearing DCs. We used confocal immunofluorescence microscopy to colocalize the two cell populations within the T cell regions of secondary lymphoid tissue to determine whether OT-II cells deprived of MHC class II molecules physically interact with antigen-bearing DCs (Fig. 2) . The numbers of Act-mOVA DCs in the MHC-sufficient and MHC-deficient sections were similar (data not shown). In the condition where OT-II cells were transferred into MHC class II-deficient recipients (Fig. 2G, open circles) , there was an increase in the percentage of antigen-bearing DCs not contacting (not adjacent to/overlapping with) OT-II cells within the periarterial lymphoid sheaths of the spleen with 4 days of MHC class II deprivation (73%) as compared with 1 day of deprivation (53%, P Ͻ 0.001) or 0 days of deprivation (46%, P Ͻ 0.01). In contrast DCs not contacting OT-II cells in the MHC class II-sufficient environment (Fig. 2G , filled squares) were a minority and were unchanged over time (31%, 23%, and 35%, with 0, 1, and 4 days after transfer, respectively). The percent of OT-II cells contacting antigen-bearing DCs was greater in an MHC class IIsufficient versus -deficient environment with 1 or 4 days (P Ͻ 0.001, for each) but not with 0 days of MHC class II deprivation. Thus, when OT-II cells are exposed to an MHC class II-deprived environment, the lack of in vivo contact of the cells with DCs correlates with decreased CD69 expression (Fig. 1B) , the latter being an indicator of TCR stimulation. In addition, after 4 days of MHC class II deprivation, Ͻ1% of antigen-bearing DCs were found to have large (Ն4) surrounding OT-II cell clusters compared with 34% in an MHC class II-sufficient environment (P Ͻ 0.05). Although the functional relevance of large DC/T cell clusters has not been clearly demonstrated, this has been shown to correlate with CD4 T cell effector function in similar systems (i.e., delayed-type hypersensitivity response) (23, 30, 31) . These visualization studies strongly suggest that self-ligand-deprived T cells have an impaired ability to contact and/or adhere to antigen-bearing DCs.
MHC Class II Deprivation Leads to Reduced CD4 T Cell Motility in
Secondary Lymphoid Tissue. We next wanted to determine why, despite the presence of antigen-bearing DCs within the paracortex of the lymph node, the CD4 T cells fail to cluster with the DCs and proliferate. We hypothesized that there was a defect in motility of the CD4 T cells. A defect in motility could result in impaired DC contact and reduced TCR signaling and proliferation. We performed video microscopy on explanted lymph nodes to determine OT-II cell velocity and path of movement after transfer into MHC class II-deficient and wild-type animals. We observed a profound defect in the motility of OT-II cells deprived of MHC class II molecules in lymph nodes in the absence of antigen (SI Movie 1) compared with OT-II cells transferred into an MHC class II-sufficient environment (SI Movie 2). In fact, the longer the cells resided in the MHC class II-deficient animals, the more profound the defect, in both their velocity and their tracking path (Fig. 3) . As an additional measure of the sessile nature of the cells, we analyzed the numbers of OT-II cells in the blood and the spleen 7 days after transfer. Compared with MHC class II-sufficient recipients, MHC class II-deficient recipients had fewer OT-II cells in the blood despite similar numbers in the spleens (SI Fig. 10 ). These data suggest that motility, before antigen encounter, is an essential component of CD4 T cell activation and that it is influenced by contact with MHC class II molecules.
Reduced CD4 T Cell Motility Is Associated with Reduced Levels of
Active Rap1 and Rac1 but Not Ras. The mechanism(s) of reduced motility after MHC class II deprivation are unclear. Cell adhesion and cytoskeletal reorganization are critical for lymphocyte attachment and migration. The signaling pathways responsible for regulating cell adhesion and cytoskeletal reorganization involve small GTPases (32) and are likely candidates to be altered in our system. Rap1 is a small G protein in the Ras superfamily and in its active form has been shown to be an important regulator of integrin function and transmigration (3). Rac1, a member of the Rho GTPase family, is involved in actin cytoskeletal reorganization and cell protrusion (4). We therefore hypothesized that basal levels of active Rap1 and Rac1 may be altered in the absence of self-ligand stimulation. In addition, we hypothesized that no alteration would be found in the basal activation of Ras, a GTPase shown to be important for TCR signaling pathways essential for cell proliferation but not motility (33, 34) . To obtain sufficient numbers (2-10 million cells) of self-ligand-deprived OT-II CD4 T cells for biochemical analysis, OT-II TCR transgenic mice were treated with anti-MHC class II antibody (Y3P). Treatment with this antibody has been shown by others to deprive CD4 T cells of contact with self ligands (19) . OT-II cells were purified (Ͼ90%) 7 days after Y3P or control antibody injection and assayed for the presence of both active and total Rap1 and Rac1. We found a 50% reduction in the basal levels of active Rap1 (Fig. 4A ) and a 70% reduction in the basal levels of active Rac1 (Fig. 4B ) in self-ligand-deprived CD4 T cells but no change in the basal activity of active Ras (Fig. 4C ). These data suggest that tonic TCR signaling from continuous selfligand stimulation is required to maintain a basal state of activation of GTPases critical for T cell motility.
Discussion
Studies have shown that self-ligand deprivation over days to weeks leads to T cell hyperresponsiveness that may be due to down-regulation of CD5 expression (12) . This finding is consistent with the idea that self-ligand stimulation tunes down TCR responsiveness to avoid autoreactivity (15) (16) (17) . As expected, we saw down-regulation of CD5 expression. However, we could not show that this caused significant hyperresponsiveness of T cells toward TCR stimulation. In our study, the proliferative response toward stimulation with anti-CD3 mAb was comparable in the MHC class II-sufficient and -deficient environments. Perhaps longer periods of deprivation are required for an enhanced responsiveness.
In contrast, short-term (15-30 min) self-ligand deprivation has been shown to lead to acute loss of TCR phosphorylation and TCR polarization, which correlates with decreased IL-2 production and proliferation to cognate antigen in vitro (19) . Indeed, our studies support the notion that continuous stimulation from self ligands expressed by APCs is likely to be of considerable significance for the functional responsiveness of T cells toward cognate antigens (Fig. 1 A and SI Fig. 7 ). However, with more prolonged deprivation (i.e., days rather than hours) we found a defect in the expression of CD69 (Fig. 1B) , a sensitive measure of TCR signaling, that was not evident in the short-term studies (19) . Although more prolonged deprivation induces more profound defects, our preliminary data (not shown) demonstrated that these defects were reversible. That is, OT-II cells were 4 . MHC class II availability promotes basal Rap1 and Rac1 activity. OT-II CD4 T cells were purified from transgenic mice treated with Y3P or mouse IgG (control) for 7 days. Samples containing 2-7 ϫ 10 6 cells were lysed and basal active Rap1 (A), Rac1 (B), or Ras (C) was precipitated with a GST-RalGDS-RBD fusion protein, GST-Pak1 fusion protein, or GST Raf-RBD fusion protein respectively, as previously described (49) . The resulting precipitates were analyzed by Western blotting with an anti-Rap1, anti-Rac1, or anti-Ras antibody to assess the content of active Rap1, Rac1, or Ras in samples. Aliquots of total lysates were analyzed in the same way to assess the total Rap1, Rac1, or Ras content. Bands were quantified and the total number of pixels in each image from two independent experiments was used to calculate the average active to total ratio. Error bars represent standard deviations.
re-isolated from MHC class II-deficient or -sufficient recipients after being ''parked'' in those recipients 7 days and retransferred into wild-type recipients and allowed to park in those recipients for 4-7 days. After an in vivo challenge of antigen, the previously MHC class II-deprived OT-II cells proliferated as well as the control OT-II cells that were not previously MHC class IIdeprived. These data suggest that the T cells were unable to effectively contact antigen-bearing DCs in vivo. It is well appreciated that under steady-state conditions naïve T cells present in secondary lymphoid tissues are not ''resting,'' but are in constant motion (30, 35) . Germain and colleagues (36) have recently shown that T cells crawl across a fibroblast reticular cell network within the paracortex of the lymph node frequently forming short-lived contacts with self-ligand expressing DCs which are tightly adherent to the fibroblast reticular cells. During this period the T cells cover a significant distance but are restricted within the T cell zone. This exploratory behavior may allow T cells to scan many DCs for presence of cognate antigen. When they contact cognate antigen-bearing DCs, over time, the T cells slow down, swarm around the DCs, and begin to form longer contacts with antigen-bearing DCs that eventually evolve into long-lived dynamic clusters that last for hours (30) . In our study, with increased MHC class II deprivation, there is a defect in the motility of the T cells, before encountering antigen on DCs. The velocity and the distance traveled by the CD4 T cells within the paracortex are reduced (Fig. 3) . Our interpretation is that impaired T cell trafficking within lymphoid tissue decreases the probability of contacting a limited number of antigenbearing DCs and precludes TCR signaling (Fig. 1B) , T cell clustering on DCs (Fig. 2) , and T cell proliferation (Fig. 1 A) . These data suggest that prolonged deprivation results in a T cell motility defect ex vivo that is not evident in the in vitro assays because the T cells are able to contact APCs passively. However, the defective motility which we report for CD4 T cells deprived of MHC class II molecules may result from loss of either a specific interaction (involving TCR recognition) and/or a general interaction (for example, CD4 binding). Our experiments using single-peptide YAe mice suggest that the defect is at least in part related to TCR signaling. Regardless of the individual roles of CD4 and TCR in dictating the response, we know of no other reports which demonstrate that denying access of CD4 T cells to endogenous class II MHC molecules impacts their motility and impairs their ability to encounter antigen-laden APCs.
Lymphocyte movement is a complex process composed of interactions and changes between the cytoskeleton, adhesion molecules, and motor proteins within the cell compartments. Motility depends on the ability of cells to assume a ''motile'' form, including reorganization of actin cytoskeleton and possibly alterations of adhesion molecules. Rap1 is a potent activator of integrins and has been shown to induce cell polarization, cell surface receptor redistribution, and migration (3, 32, 37, 38) . Rac1 is important for actin reorganization and cell protrusion (39) (40) (41) (42) (43) . Ras has been shown to be important for TCR signaling pathways essential for cell proliferation, e.g., ERK and JNK (33, 34) . We show that reduced basal activity of both Rap1 and Rac1 is associated with in vivo self-ligand deprivation, but we found no decrease in basal activity of Ras (Fig. 4) . These data suggest that continuous self-ligand stimulation in the periphery provides multiple tonic TCR signals essential for cell motility and function.
Materials and Methods
Mice. OT-II TCR transgenic mice (44) were bred to the Thy1.1 RAGϪ/Ϫ background. The OT-II TCR is specific for chicken ovalbumin peptide 323-339 (pOVA)/I-A b complex. I-A␤-deficient (MHC class II-deficient) and CD4-deficient mice were obtained from Taconic (Germantown, NY). I-A/I-E-deficient (MHC class II-deficient) mice were obtained from The Jackson Laboratory (Bar Harbor, ME) (45) . Act-mOVA mice (24) were bred to I-A␤-deficient mice to produce Act-mOVA MHC class II-deficient mice. Wild-type B6 mice were purchased from the National Cancer Institute (Frederick, MD). YAe SP mice were a gift from P. Marrack (29) . Mice used were generally 6-12 weeks of age and maintained in microisolator cages with filtered air in the specific pathogen-free facility according to the National Institutes of Health guidelines. All experiments were approved by the Institutional Animal Care and Use Committee at the University of Minnesota.
Adoptive Transfer of Cells. Unless otherwise specified, donor OT-II cells from the secondary lymphoid tissues (axillary, brachial, cervical, inguinal, and mesenteric lymph nodes, and spleen) were labeled with CFSE (Molecular Probes, Eugene, OR) by using the technique previously described (46) , and were injected into the tail vein at 1-5 ϫ 10 6 cells per specified recipient mouse. The OT-II cells were always purified by negative selection before the adoptive transfer by using magnetic streptavidin microbeads (Miltenyi Biotec, Auburn, CA) and biotinylated anti-I-A␤, anti-CD11c, anti-CD11b, and anti-CD16/32 antibodies (BD Biosciences and eBioscience, San Diego, CA). Singlecell suspensions of DCs were obtained after mechanical disruption of spleens from Act-mOVA or wild-type B6 mice by incubating tissue with collagenase D (Roche Diagnostics, Indianapolis, IN) for 20 min at 37°C under 5% CO 2 /95% O 2 and then briefly with 10 mM EDTA as previously described (47) . DCs were enriched from the single-cell suspensions by using antiCD11c microbeads according to the manufacturer's protocol (Miltenyi Biotec). Enriched DCs were injected into the tail vein at indicated times, 0.5-1.5 ϫ 10 6 cells per mouse. In some instances the DCs were labeled with seminaphthorhodafluor (SNARF) (Molecular Probes) or CellTracker Orange CMTMR dye (Molecular Probes) before injection. Some of the mice received i.v. injections of the anti-CD3 mAb 2C11 at indicated doses.
Flow Cytometry. Lymph nodes and spleens were harvested at the indicated time points and a single-cell suspension was created by using mechanical disruption. Cells were incubated on ice with fluorochrome-labeled mAbs: anti-TCR V␣2, anti-CD4, and anti-Thy1.1. Events were collected by using a Becton Dickinson (Mountain View, CA) FACScan or FACSCalibur flow cytometer and analyzed by using FlowJo software (Tree Star, San Carlos, CA).
Immunofluorescence Microscopy. Lymph nodes and spleens were snap frozen in precooled isopentane, sectioned (25 m), and fixed in 2% formaldehyde. Slides were mounted with Vectashield (Vector Laboratories, Burlingame, CA). Separate red and green images were acquired by using a BioRad MRC-1000 confocal microscope equipped with a krypton/argon laser and COMOS version 7.0a software (Bio-Rad Life Sciences, Hercules, CA). Image processing was done using Confocal Assistant (BIPL, Minneapolis, MN) and Photoshop 7.0 (Adobe, San Jose, CA) software (23) .
Two-Photon Microscopy. Mice were euthanized by CO 2 asphyxiation and cervical lymph nodes were removed for microscopy. Lymph nodes were secured in the flow chamber with a thin film of VetBond (3M, St. Paul, MN) and maintained at 37°C by perfusing the chamber with warm RPMI medium 1640 bubbled with a mixture of 95% O 2 /5% CO 2 (carbogen gas) (48) . Timelapse imaging was performed with a custom-built multiphoton microscope at the Washington University School of Medicine. CFSE-labeled T cells were excited by a Chameleon Ti:sapphire laser (Coherent, Santa Clara, CA) tuned to 780 nm, fluorescence at 490-550 nm was collected by photomultiplier tube, and the signal was acquired by a RAVEN (BitFlow, Woburn, MA) analog video acquisition board. ImageWarp (A&B Software/ BitFlow) was used to control the various hardware devices during acquisition and to process and archive the image data. For each time-point, 15 video frames (200 m ϫ 250 m at 0.5 m per pixel) were averaged to increase signal contrast and z-stacks were acquired by taking 31 sequential z-steps at 2.5-m spacing with an automated z-stepper motor (Prior, Rockland, MA). Image rendering and analysis were performed with either Volocity (Improvision, Lexington, MA) or PicViewer (John Dempster, University of Strathclyde, Glasgow, Scotland) programs.
Immunoprecipitation and Immunoblotting. OT-II mice were injected i.p. with anti-MHC class II antibody (clone Y3P) or control mouse IgG antibody (0.5 mg) every other day for 7 days before harvest. Lymph nodes were harvested and CD4 T cells were isolated by negative selection (CD4 isolation kit, Miltenyii Biotec). Samples containing 2-7 ϫ 10 6 cells were lysed and basal active Rap1 was precipitated with a GST-RalGDS-RBD fusion protein (49) , basal active Rac1 was precipitated with a GST-Pak1 fusion protein (50) , and basal active Ras was precipitated with a GST-Raf-RBD fusion protein (51) . The resulting precipitates were analyzed by Western blotting with an anti-Rap1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA), an anti-Rac antibody (Upstate Biotechnology, Lake Placid, NY), and an anti-Ras antibody (Transduction Laboratories, Lexington, KY) to assess the content of the active GTPase in the samples. Aliquots of total lysates were analyzed in the same way to assess the total Rap1, Rac1, and Ras contents. Images were captured and quantified with Odyssey Infrared Imager (LI-COR Biosciences, Lincoln, NE).
